Polyetheretherketone (PEEK) is used in several engineering applications where it has to bear impact loads. Nevertheless, the tensile behavior has only been studied in the quasi-static range of loading rates. To address the lack of data in the impact strain rate range, the tensile mechanical behavior of PEEK is investigated at room temperature over a large range of strain rates (from 0.001 to 1000/s). The macroscopic volume change is studied under uniaxial tension using digital image correlation (DIC) method, showing a significant dilatation that reaches 16% at a logarithmic axial strain of 40%. The true stress-strain behavior is therefore established based on the measured volume change. Elsewhere, the yield stress shows a significant sensitivity to strain rate. Besides, a new constitutive equation is proposed to take into account the increase in strain rate sensitivity at high strain rates. It assumes an apparent activation volume which decreases as the strain rate increases. The new constitutive equation gives similar results when compared to the Ree-Eyring equation. However, only three material constants are to be identified and are physically interpreted.
Introduction
Thanks to its high chemical and physical properties, polyetheretherketone (PEEK) is nowadays regarded as one of the most efficient thermoplastics. PEEK is widely used as a matrix in composites within several industrial applications, specifically, in automotive and aeronautic industries. Besides, PEEK can be used as a medical implant due to its biocompatibility [1, 2] . PEEK's behavior depends on strain rate and temperature as well. Because of the existence of thermal transitions in polymers behavior, these two experimental parameters affect significantly the relaxation phenomena. In fact, studying the sensitivity to the strain rate, the crystallinity and the temperature contribute effectively to the enhancement of numerical modeling. Elsewhere, researchers, when testing polymers, have constantly assumed the incompressibility hypothesis regarding the evolution of the cross-sectional area, in order to characterize the true stress-strain. Actually, this assumption is more suitable for metals than polymers. As a consequence, it is of major importance to check the volume change of PEEK.
The strain rate sensitivity of PEEK's behavior was extensively studied under compression [3] [4] [5] [6] [7] [8] [9] . Walley and Field [3] have characterized the compressive yield stress of PEEK from 0.001 to 18000/s. They showed that the yield stress increases linearly with increasing strain rate up to 2000/s. However, it drops drastically at very high stain rates. Hamdan and Swallowe [4] reported that strain rate sensitivity is almost independent of temperature, over the strain rate range from 0.001 to 1000/s and when temperature is lower than the glass transition. The strain rate sensitivity is about 4 MPa/decade. Hamdan et al. [5, 6] have also showed that the cold-crystallization influences significantly the yield process for experiments undertaken above glass transition. Rae et al. [7] investigated the PEEK's yield stress over a strain rate range going from 0.0001 to 3000/s and a temperature range going from −50 ∘ to 150 ∘ C. They reported an increase in the strain rate sensitivity at high strain rates. Recently, the authors [8] have showed that the compressive plastic deformation of PEEK is isochoric over a large range of strain rates and temperatures. They have also studied the compressive yield stress over a strain rate range of 0.0001-10000/s [9] , reporting an increase in the strain rate sensitivity of the yield stress as the strain rate increases. Contrary to the compressive behavior, the sensitivity of the PEEK's tensile behavior to the strain rate has not been reported in the open literature, to the best of the authors' knowledge. Indeed, all works that dealt with the PEEK's tensile properties have been limited to quasi-static strain rates [7, [10] [11] [12] [13] . Rae et al. [7] have reported tensile stressstrain curves for strain rates lower than 0.02/s. Lee et al. [11] showed that tensile properties are not affected by the change of crystallinity. On the contrary, it was reported in [12] that the yield stress increases when the crystallinity increases, whereas G'sell and Dahoun [13] investigated PEEK's response (at 180 ∘ C and 0.0005/s) by using a video-controlled tensile testing method [14] .
Actually, the mechanical properties of polymers are a priori, pressure dependent [15] . This is another reason to investigate their tensile behavior. In terms of high strain sensitivity, the tensile properties have been reported for several polymers, for instance, polycarbonate [16] [17] [18] , polyvinylchloride [19] , polymethylmethacrylate [20] , and epoxies [20] [21] [22] , but not for PEEK. In this work, we are interested in assessing the tensile plastic behavior of PEEK for strain rates ranging from 0.0001 to 1000/s. To the best of the authors' knowledge, this has never been reported before. In order to measure the true stress during plastic deformation, we aim also at measuring the PEEK's volume variation. For this purpose, digital image correlation (DIC) is applied. In addition, a constitutive equation will be proposed to take into account the sensitivity of the yield stress to the strain rate.
Experimental Characterization

Material and Specimens.
The PEEK examined in this work is of grade 450G. The DSC technique is a useful technique to obtain the characteristic temperatures and the crystallinity ratio [23] . Using a DSC analysis with a heating rate of 10 ∘ C/min [9] , the crystalline phase of PEEK has a melting point of 342 ∘ C whilst the glass transition temperature of its amorphous phase is equal to 152 ∘ C. The ratio of the melting enthalpy to the theoretical melting enthalpy gives a crystallinity ratio of about 27%.
Specimens were machined from rods of diameter 20 mm, purchased from Ensinger France. The specimen geometry (Figure 1 ) is employed for both quasi-static and dynamic experiments. Therefore, the gauge length (middle part) is optimized in order to enhance the stress equilibrium at high strain rates, before yielding. The gauge length is therefore reduced to = 6 mm. Actually, it is hard to obtain stress homogeneity in the beginning of a dynamic test. However, one of the main objectives of this work is to investigate the yield behavior of PEEK. We have then designed the specimens in order to achieve the stress homogeneity before yielding.
A random speckle pattern is painted on the gauge zones in order to enable a digital image correlation analysis for fullfield strain measurements. Three experiments are undertaken for each strain rate.
Test Procedure.
Specimens were tested at low strain rates using an Instron 5584 screw-driven testing machine. Experiments have been undertaken for crosshead velocities up to 36 mm/min. At quasi-static strain rates, the force is measured using an Instron 2525-171 150 kN load cell. The machine rigidity is neglected regarding the maximum force applied on specimens.
On the other hand, a tensile crossbow system [15, 24] , sketched in Figure 2 , is used for dynamic strain rates. The operating mode is similar to the compression crossbow system used in [8, 9, 25] . Actually, the crossbow technique is similar to the direct-impact Hopkinson bar setup except for the loading system [9] . Indeed, the projectile bar is now replaced by a rigid mass of 210 kg. This rigid mass is composed from two parts (Figures 2(b) and 2(c) ). The first part (Mass 1) is constructed from two pieces with dimensions of 220 × 200 × 250 mm 3 each, distanced by 185 mm. The space (185 mm) is occupied by a second mass (Mass 2) which has a u-form with dimensions of 45 × 130 × 115 mm 3 and a spacing distance of 90 mm. By the mean of elastic ropes, the guided rigid mass is accelerated up to a desired impact velocity. Changing the stiffness of ropes leads to different impact velocities. Before the test, the specimen is screwed from one end to a long elastic steel bar of 30 mm in diameter and 6000 mm in length. The second end of the specimen is screwed to a grip which has to receive the impact of the rigid mass. A zoom on the impact zone is presented in Figure 2 (c) and schematized in Figure 3 , including the dimensions of each piece. Figures 2 and 3 show a guiding device introduced in the tensile crossbow configuration in order to maintain the impact elements coaxial. Strain gauges, of type EA 06 044 TP 350, provided by GAROS Groupe (France), are mounted in half Wheatstone bridge circuits and cemented in three locations of the bar. Using the signals of the elastic waves recorded by the gauges, the tensile force in the specimen can be determined.
The crossbow apparatus is outfitted with a high speed video camera of type Fastcam-ultima APX manufactured by Photron Limited, fitted with a high sensitivity imaging sensor enabling recording under extremely low level of light. The APX camera has a maximum recording speed of 120000 frames/s. For the highest speed tests, the acquisition frequency is 24000 frames/s, using a resolution of 512 * 128 pixels. Lower rates are used for quasi-static experiments. To this aim, a frequency adaptor was connected to the rapid camera in order to acquire images at the desired low rate. The tensile crossbow system works like a direct-impact Hopkinson bar machine. Thus the calibration of this system resembles the one used for the Hopkinson bar setup. More precisely, the long elastic bar is impacted by a shorter rod. The impact velocity can be determined by laser sensors. Subsequently, the calibration is carried out by writing that the impact kinetic energy of the striker rod is equal to the kinetic and deformation energy transmitted to the long bar.
Analysis.
We are interested in this work to determine the uniaxial tensile behavior of PEEK. Therefore, we need to measure the true stress-true (logarithmic) strain curves. In terms of strain, the successive configurations of the specimen recorded during the experiment are analyzed by a DIC software, ICASOFT [26] , developed by INSA Lyon, France. The main purpose is to compute the 2D-strain field. The grid used to mesh the specimens has a pattern size of 6 * 6 pixels. The displacement-pixel conversion ratio is of 0.094 mm/pixel. The deformation is given in terms of the logarithmic strain field (Hencky strain). Subsequently, longitudinal and transversal strains were calculated using 2 mm long virtual strain gauges (Figure 4 ). The locations of these gauges are determined a posteriori and they are placed in the necking zone.
In addition to the axial true strain, we are also interested in determining the true axial stress. To this aim, an elementary cylindrical volume is virtually isolated ( Figure 5 ). Subsequently, the axial and transverse strains, assumed homogeneous in this elementary volume, are considered. The transverse strain is used in calculating the change of the crosssectional area [15, [27] [28] [29] . Both transverse and axial strains are needed to calculate the volume change. Let and be the axial and transversal strains, respectively. They read
where 0 and 0 are the initial length and radius, respectively, of the elementary volume. Likewise, and are the length and radius, respectively, of the deformed elementary volume. Writing the initial volume 0 in terms of 0 and 0 and the volume after deformation in terms of and , the volume ratio reads
Similarly, the cross-sectional area ratio is given by
where 0 and are the initial and current cross-sectional areas, respectively, of the elementary volume.
Once the cross-sectional area variation is computed, the true axial stress can be determined by computing the ratio of the measured force to the current cross-sectional area; that is,
The force is measured by the mean of a force transducer in quasi-static experiments, whereas it is deduced from the bar strain gauge's signal at high strain rate tests. For strain rates around 150/s, a wave separation technique is used to separate waves propagating in opposite directions [30] . Once the true stress is determined, the tensile yield stress is calculated as the first maximum stress observed in the true stress-true strain curve.
Results
Deformation Process.
A typical deformation process is depicted in Figure 6 . Even though the images correspond to an experiment undertaken at 0.001/s, the same deformation process occurs for different strain rates. In the beginning, the deformation is uniform along the central part, Figure 6 (a). Upon the yielding, necking appears, Figure 6 (b). Subsequently, this necking propagates and affects a more important zone of the specimen gauge zone, Figure 6 (c).
Finally, a significant crack appears somewhere in the neckingaffected zone. It propagates perpendicularly to the tensile loads till complete failure, Figure 6 (d). The appearance of necking makes the stress and strain fields heterogeneous in the specimen. The DIC analysis is then focused on the necking zone in order to deduce a local strain measurement [31] . Figure 7 for true axial strains up to ∼60%. The same tendency is observed for the six studied strain rates. Namely, the volume ratio increases with an increasing strain. This means that the specimen undergoes an increasing dilatation. The PEEK's volume increases by ∼3.3, 6.2, and 16.2% when deformed by 10, 20, and 40%, respectively. This is very close to the polycarbonate dilatation. Indeed, Hiermaier and Huberth [29] reported a 14-18% increase in volume at axial strain of 40%. However, this is lower than the volume dilatation in polypropylene as reported in [15] . This can be explained by the differences in the texture of the three polymers. Indeed, Bai et al. [32] , based on a microstructural study, concluded that the volume dilatation in polymers under tension is mainly due to a damaging mechanism. This process starts from the microdefaults within the polymer, more precisely, in the amorphous part. Subsequently, the deformation localizes around these defaults leading to an intense stress concentration. This ultimately yields the creation of voids and the increase of the polymer material volume [33] . In line with this, El-Qoubaa and Othman [8] reported that the volume of PEEK remains constant during uniaxial compression. This is mainly attributed to the fact that cracks are rather closed under compression and do not propagate, while it is the case under tension. Elsewhere, most of the curves of Figure 7 have the same tendency; in other words, there is no clear influence of the strain rate on the volume change. Consequently, an average volume ratio, ,avg = ( / 0 ) avg , and an average crosssectional area ratio, ,avg = ( / 0 ) avg , are calculated for PEEK from all tensile experiments, independently of the strain rate. These average ratios are plotted in Figure 8 in terms of the tensile axial strain. The average cross-sectional area ratio will be used in calculating the true stress knowing the applied force on the specimen as detailed in (4).
Volume Change. The volume ratio is plotted in
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Stress-Strain Curves.
The true stress is determined by dividing the measured force by the cross-sectional area which is determined using the DIC analysis. The true strain is also obtained from the DIC analysis as well. The strain rate is therefore determined as the time derivative of the strain. The true stress-strain curves are depicted in Figure 9 . The strain rate variations during quasi-static and dynamic experiments are represented in Figure 10 . In terms of stress-strain curves, the tendency is almost the same for the whole strain rate range. A rapid increase in the stress, for small strains, corresponding to the viscoelastic behavior of the PEEK is observed. A maximum stress is reached corresponding to the yield stress thereafter. It is then followed by softening till a minimum stress is reached. Therefore, the minimum stress is slightly lower than the yield (first maximum) stress.
In Section 2.1, we stated that the specimens are designed in order to achieve the stress homogeneity before yielding. The most difficult situation is encountered at the highest strain rate test, that is, ∼1000/s. As the strain rate increases, it becomes harder to obtain stress homogeneity within the specimen. Let us consider Figure 9 . At the strain rate nearly 981/s, the yielding happens at around 6.5% of strain. This corresponds to a time of 66 s. During this time, the tensile wave, which is moving with a velocity of 1700 m/s, can travel a distance around 115 mm within the specimen. Obviously, this distance is much higher than the gauge length. This means that the tensile wave makes several round-trips in the gauge part of the specimen. This provides the establishment of the stress homogeneity in the specimen. Indeed, Koubaa et al. [34] showed that if the tensile wave travels by nearly three times the gauge length, the stress homogeneity is ensured. Figure 11 shows the tensile yield stress as a function of the strain rate. At each strain rate, the yield stress is measured at three experiments and is taken as the first maximum stress. The tensile yield stress of PEEK is highly sensitive to the strain rate. Namely, it increases if strain rate increases (Figure 11 ). The yield stress at ∼1000/s is ∼84% higher than the one at 0.001/s. This gives an average increase of 11.67 MPa/decade. However, the strain rate sensitivity is much higher at high strain rates. This is the most reported behavior in the literature for polymers [9] . In the subsequent section, this behavior will be compared to the Ree-Eyring constitutive model and to a new model proposed in this work.
Yield Stress.
Constitutive Equation for the Yield Stress
Constitutive Equation.
In the previous section, the yield stress of PEEK is determined over a wide strain rate range. Garcia-Gonzalez et al. [1] used the Johnson-Cook model [35] [36] [37] , which is already preimplemented in several finite element codes, to fit the yield stress behavior. However, the strain rate sensitivity of yield stress increases at high strain rates. This behavior can be modeled using the power-law equation. Alternatively, Ree and Eyring [38] have suggested the use of multiple relaxation processes.
The Ree-Eyring equation is a generalization, by using two relaxation processes, of the original equation of Eyring [39] , which considers the yielding as a thermal activated process. By considering two relaxation processes, the yield stress predicted by the Ree-Eyring equation reads
where , , , and are four material constants, and are the activation energies of the two relaxation processes, is the universal gas constant, and is the absolute temperature. For identification purpose, (5) is simplified to
where , , , and are four real constants. Recently, the authors [9] have proposed a modified Eyring equation. It assumes an apparent activation volume that decreases with strain rate [40] [41] [42] . The apparent activation volume is proportional to the slope of the logarithm of the strain rate in terms of yield stress [43] . More precisely, the apparent activation volume, * , is defined as
where , , anḋare the Boltzmann constant, yield stress, and strain rate, respectively. Figure 10 indicates that the slope of the yield stress curve in terms of strain rate increases if the strain rate increases, suggesting that the activation volume is decreasing with increased strain. In terms of the original Eyring model, the yield stress reads
where 0 is a characteristic stress and 0 is the activation volume. This suggests that the activation volume for each relaxation process, assumed constant, is given by
where and are the activation volumes of the relaxation processes and . Instead of using a constant activation volume for each process, the authors [9] have proposed using an apparent activation volume that decreases with strain rate. More precisely, the apparent activation volume writes [9] 
wherėstands for a critical strain rate. The modified Eyring constitutive equation is then written as
International Journal of Polymer Science 7 where ME holds for the yield stress predicted by the new Eyring-based model anḋ0 = 1/s is a normalizing strain rate. ME depends herein on three parameters: 0 ,̇, and 0 . 0 is the yield stress for a strain rate equal to 1/s. 0 can be assimilated to the activation volume of the first Eyring process; that is, 0 ≈ . The critical strain ratėgives the strain rate range where only one Eyring process is activated. Put in other words, exp(−√/̇) ≈ 1 for strain rateṡ≪̇. This suggests that (8) and (11) will converge for strain rateṡ ≪̇.
Identification.
The identification procedure aims at finding the best set of materials constants that minimizes the discrepancy between the measured yield stress and the yield stress predicted by both the Ree-Eyring (5) and the new modified Eyring constitutive equation (11) . Let Σ and Σ be the experimentally measured yield stresses, which can be arranged in vectors, and the corresponding yield stress vector computed by using the constitutive equation , respectively, where = RE for the Ree-Eyring equation and = ME for the new proposed equation.
The minimization procedure depends on the definition of the cost function. In order to take into account the local and global errors [9] , the cost function is defined as the average of the maximum and the Euclidean distances between the experimental and the model-predicted yield stresses. Put in other words, the cost function can be written as
where 1 , 2 , . . . are the material constants defining the constitutive equation and EucErr and MaxErr are the Euclidean and the maximum relative distances that write
Respectively, ‖ ‖ 2 defines the Euclidean distance and ‖ ‖ ∞ denotes the maximum distance. The minimization of the cost function RE yields the four material constants, , , , and , of (6) . Subsequently, the activation volumes of and processes are calculated using (9) ; that is, = / and = / , respectively. Likewise, the minimization of the cost function ME gives the three material constants of the newly proposed modified Eyring equation, that is, 0 ,̇, and 0 . while the other parameters are 0 = 108 MPa anḋ= 6870/s for the characteristic stress and the critical strain rate, respectively. It is worth noting that 0 is close to as expected. Likewise, 0 is almost equal to = 111 MPa as these constants interpret the yield stress at a strain rate of 1/s. Table 2 reports also that the critical strain rate in tension is equal to 6870/s. This suggests that the transition in strain rate sensitivity occurs at around 69/s in tension.
Results and
The Ree-Eyring model and the new modified Eyring equation fit well the experimental data ( Figure 12 ). Their relative errors are 5.8% and 5.1%, respectively, whereas the correlation coefficients obtained by the two models are both about 0.98 (Table 3) . Thus, the two equations give almost the same approximation. However, the new model uses only three material constants.
Conclusion
The tensile mechanical behavior of PEEK was characterized over a large domain of strain rates (from 0.001 to 1000/s) using a conventional tensile machine and a customer-designed tensile crossbow machine. The digital image correlation technique was used together with a high speed video camera 8 International Journal of Polymer Science to determine the volume change. It was depicted that PEEK undergoes an increasing volume dilatation while axial tensile strain increases. Moreover, this volume change is showed to be strain rate independent. Thus, an average volume change is computed and used to determine the true stress-true strain behavior. It is then reported that the mechanical behavior is highly dependent on the strain rate. Namely, the yield stress is increasing with the increase of strain rate. Besides, the strain rate sensitivity is more important at higher strain rates. A new constitutive equation was then proposed to fit this behavior. This constitutive model is almost as accurate as the Ree-Eyring model, though only three material constants are used.
